ABSTRACT The prevalence of the endosymbiont Wolbachia and its effects on mitochondria variation were analyzed in seven natural populations of Tetranychus truncatus Ehara (Trombidiformes: Tetranychidae) in current study. Five Wolbachia strains (wtru1, wtru5, wtru7, wtru8, and wtru12) were detected based on the surface protein of Wolbachia (wsp) sequence data and the multiple locus sequences typing data, suggesting that multiple separate invasions have occurred. Part of mitochondrial cytochrome oxidase subunit I gene was sequenced from infected individuals revealing 10 different haplotypes. As predicted, the haplotype and nucleotide diversity were lower in infected individuals than that in uninfected individuals. Furthermore, phylogenetic and analysis of molecular variance analyses revealed that the distribution of mtDNA haplotypes is not associated with geography. Rather, it is strongly concordant with infection status. These data support the hypothesis that Wolbachia infection can affect the genetic structure and diversity of the host mites.
Tetranychus truncatus Ehara (Trombidiformes: Tetranychidae) is a polyphagous spider mite with Ͼ60 host plant species (Bolland et al. 1998 ). In some countries of East and Southeast Asia, the mite is now one of the most important pests of agricultural crops (Ho 2000, Sakunwarin et al. 2003 , Pang et al. 2004 . A better understanding of mite population genetics structure could help to manage them. In previous studies, mitochondrial DNA sequences have been shown to be useful markers for studying the genetic structure of mite populations. For instance, Navajas et al. (1996 Navajas et al. ( , 1998 , Hinomoto et al. (2001) , and Toda et al. (2000) have revealed that cytochrome oxidase subunit I (COI) of mitochondrial DNA is suitable for analyses of the intraspeciÞc variation in the species of Tetranychidae.
However, it is important to note that the bacterial endosymbiont of Wolbachia was detected in several species of Tetranychidae (Breeuwer and Jacobs 1996; Tsagkarakou et al. 1996; Breeuwer 1997; Gomi et al. 1997; Gotoh et al. 1999 Gotoh et al. , 2002 Yu et al. 2011; Zhu et al. 2012; Zhang et al. 2013) . Several studies have concluded that Wolbachia can induce cytoplasmic incompatibility (CI) in Tetranychus urticae Koch, Tetranychus turkestani (Ugarov & Nikolskii, 1937) , T. truncatus, and Tetranychus piercei McGregor (Breeuwer and Jacobs 1996 , Breeuwer 1997 , Zhu et al. 2012 , Zhao et al. 2013 . Owing to the action of CI or other reproductive phenotypes, Wolbachia infection may affect the genetic structure and diversity of the host arthropods, particularly those of maternally inherited elements like mitochondria (Turelli et al. 1992 , Jiggins 2003 , Hurst and Jiggins 2005 . In association with the Wolbachia sweep, a small number of mitochondrial haplotypes of the founder individuals are also spread in the population, whereby mitochondrial diversity of the population will be signiÞcantly reduced. Therefore, the patterns of mitochondrial variability can be confounded, by the spread of Wolbachia. About spider mites, Yu et al. (2011) have found that Wolbachia can affect T. urticae mtDNA evolution in complex and sometimes unanticipated ways. Recently, Wolbachia have been detected in T. truncatus, and it can induce CI (Zhao et al. 2013 ). In such a situation, we should take into account the effect of Wolbachia when using mtDNA as a maker for population genetic analyses of T. truncatus.
Here, we present an analysis of host mtDNA variation in seven natural populations of T. truncatus to conÞrm the association between mitochondria variability and Wolbachia infection status. A small amount of mtDNA polymorphism in the populations entirely infected by Wolbachia was found. Further, there is a perfect concordance between the infection status and the mtDNA haplotypes. These Þndings suggest that a reduction in mitochondrial diversity of T. truncatus resulted from hitchhiking following the spread of Wolbachia. Table 1 ). Samples were stored in 100% ethanol for DNA analysis. Some adults were brought to the laboratory for further morphological veriÞcation of species identity.
Materials and Methods

Sample
Sequencing of Wolbachia Strains and mtDNA. DNA was extracted by homogenizing a single female adult in a 25 l mixture of STE buffer (100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, and pH 8.0) and proteinase K (10 mg/ml, 2 l) in a 1.5-ml Eppendorf tube. The mixture was incubated at 37ЊC for 30 min and later 95ЊC for 5 min. The samples were centrifuged brießy, and used immediately for the polymerase chain reaction (PCR) reactions or stored at Ϫ20ЊC for later use.
PCR screening for Wolbachia infection was conducted using the primers wsp-F1 5Ј-GTCCAATARST GATGARGAAAC-3Ј and wsp-R1 5Ј-CYGCACCAAY AGYRCTRTAAA-3Ј (Baldo et al. 2006) , which amplify an Ϸ570 bp fragment of the gene wsp. PCR reactions were run in 50 l of buffer using the Ferments Maxima Hotstart Taq kit: 31.6 l H 2 O, 5 l 10ϫ buffer, 4 l of 2.5 mM dNTPs, 5 l of 25 mM MgCl 2 , 0.4 l Taq polymerase (5 U/l), 2 l sample, and 1 l of primers (20 M each). Cycling conditions were 95ЊC for 4 min followed by 35 cycles of 95ЊC for 30 s, 55ЊC for 45 s, and 72ЊC for 1 min and Þnally 72ЊC for 10 min. A negative and a positive control were included in both reactions.
Single-infection status was conÞrmed during wsp sequencing. Then, the multiple locus sequences typing (MLST) gene sequences of single-infected Wolbachia from different populations were ampliÞed using standard primers and PCR protocols (Baldo et al. 2006) .
Partial sequences of the mitochondrial locus COI were ampliÞed using the primer pair COI-forward 5Ј-TGATTTTTTGGTCACCCAGAAG-3Ј and COI-reverse 5Ј-TACAGCTCCTATAGATAAAAC-3Ј (Navajas et al. 1996) , yielding a 453 bp sequence. Cycling conditions were 4 min 95ЊC, 35 cycles of 95ЊC for 30 s, 52ЊC for 45s, and 72ЊC for 1 min, then 72ЊC for 10 min.
PCR products were electrophoresed on agarose gels 1.5% stained with ethidium bromide and visualized under UV transillumination. AmpliÞed fragments were puriÞed using a Gel Extraction Mini kit (Watson, Shanghai, China). Then, the distinct single-band amplicons were cloned into pEasy-T1 vector (TransGen Biotech, Beijing, China), and the positive clones were screened and Þnally conÞrmed by direct sequencing.
DNA Sequences and Phylogenetic Analysis. Sequences were aligned using ClustalW, Mega 5 software (Tamura et al. 2011) , and the alignment was manually edited with the Bioedit software (Hall 1999). The COI sequences were collapsed to haplotypes using the program Collapse 1.2 (Posada 2004). Haplotype number, haplotype diversity (Hd), and nucleotide diversity () were calculated by the program DnaSP5.10 (Librado and Rozas 2009).
An intraspeciÞc phylogeny of COI haplotypes was inferred using the network algorithm median-joining in the Network program (Bandelt et al. 1999 ). In the current study, wsp gene sequence data were used to determine the infection status, prevalence, and strain identity for individuals of each mtDNA haplotype within the preexisting networks. All sequences have been deposited in GenBank (JX094360 ÐJX094365, JX094379, JX094383, JX094385, JX094386, JX094393, and KC414658 ÐKC414661).
Analysis of Genetic Differentiation. Analysis of molecular variance (AMOVA) was used to formally assess and test the association between Wolbachia and the mtDNA sequences. The mtDNA genetic differentiation within T. truncatus was assessed by differently structured data sets using protocols described by von der Schulenburg et al. (2002) . Data set 1 included all sequences isolated from uninfected T. truncatus and was subdivided into those derived from northeast (Harbin, Yanji, and Shenyang) and other populations (Baotou, Shijiazhuang, Jingning, and Yangzhou). Data set 2 was similarly split up into northeast and other populations but contained all T. truncatus mtDNA sequences obtained from the respective locations. According to the infection status, data set 3 was subdivided into sequences isolated from uninfected speci- et al. 1992, ExcofÞer and Schneider 2005) . In AMOVA, a signiÞcant deviation from a random distribution of haplotypes is inferred by permuting haplotypes among data subsets, using 1,000 replications.
Results
Analysis of COI, wsp, and MLST Sequences. A 410 bp fragment of the COI gene was aligned and analyzed from 91 individuals of T. truncatus. The aligned sequences contained 11 segregating sites, representing 3 singleton sites and 8 informative sites, allowing us to distinguish 10 haplotypes. The divergence observed between a pair of sequences ranged from 0.24 to 1.49% (Table 1 ).
All populations of T. truncatus tested positive for Wolbachia. Infection frequencies varied among populations. Five strainsÑwtru1 (ST278), wtru5 (ST219), wtru7 (ST295), wtru8 (ST292), and wtru12Ñwere detected based on the partial sequence of wsp gene and MLST genes. Almost all populations except for the Yangzhou population were infected with wtru1. Similarly, wtru5 has been detected from Þve populations. However, wtru7 was only found in the Shenyang and Yanji populations. Furthermore, individuals of the Harbin and Shijiazhuang populations were infected with the distinctive strain, wtru8. It is interesting to note that a single individual of the Baotou population was doubly infected with wtru1 and wtru12 (Table 2) .
Phylogenetic Analysis. The mitochondrial haplotypes found in T. truncatus, and the estimated phylogenetic relationships between these haplotypes together with the Wolbachia infection status of each individual are shown in Table 2 and Fig. 1 . There was a relatively low level of COI variation among sequences. Only six nucleotide substitutions were observed between the maximum divergence sequences. Haplotype H3 was ancestor of the other haplotypes, and was shared across almost all populations. Wolbachia was observed to be associated with 6 of the 10 haplotypes generated, whereas uninfected individuals had 9 haplotypes. The Hd and of uninfected group were higher than that in the infected group. Haplotypes H1, H2, H3, H4, and H5 were detected in both infected and uninfected individuals. The most striking result was the perfect concordance between the infection status and the mtDNA haplotype among T. truncates individuals. For instance, all the individuals infected by wtru8 presented the same mitochondrial haplotype, whereas individuals of the same population (Harbin and Shijiazhuang) infected by other strains all had another haplotype.
Analysis of Genetic Differentiation. Genetic structure of T. truncatus was observed at various hierarchical levels (among subsets and within subsets; Table 3 ). The results of AMOVA clearly showed absence of signiÞcant differentiation among haplotypes from the different geographical regions (datasets 1 and 2), indicating genetic homogeneity between geographic regions. A high level of differentiation was found within subsets from each of the datasets. The above results contrasted with those obtained from dataset 3, in which an association between haplotypes and infection status was tested. Here, variances observed among subsets were higher than within subsets, and signiÞcant genetic differentiation was observed among the subsets in dataset 3 [Þxation index (F ST ) ϭ 0.54880; 0 P Ͻ 0.001], which indicates high variances between infected and uninfected individuals (dataset 3; Table 3 ). Moreover, AMOVA clearly demonstrated that the haplotypes were not randomly distributed among dataset 3, suggesting that genetic differentiation of mtDNA is related to the presence of different 0 Wolbachia strains.
Discussion
Recent theory suggests that if a population is infected by one or more symbionts, the patterns of mitochondrial polymorphism will be altered by natural selection acting on those symbionts (Dean et al. 2003 , Hurst and Jiggins 2005 , Raychoudhury et al. 2010 . Depending on the infection history and the number of symbionts present, they may either reduce or increase diversity. There can also be an alteration in the frequency distribution of haplotypes within the population. For example, uninfected Acraea encedon butterßies have more diverse mitochondria than Wolbachia-infected individuals from the same population (Jiggins 2003) , and in a study that compared different populations of Drosophila simulans, an uninfected population in east Africa was found to have greater mtDNA diversity than infected populations from elsewhere (Dean et al. 2003) . However, mtDNA diversity is used to infer the historical demography of populations, so it is important to distinguish the symbiont-induced effects (Hurst and Jiggins 2005, Smith et al. 2012 ).
In the current study, we present data on patterns of mtDNA variation associated with different Wolbachia infection status in natural populations of T. truncatus to reveal the effects of Wolbachia on host mtDNA variation. Our results suggest that the prevalence of Wolbachia was high in the studied natural populations of T. truncatus, with infection rates ranging from 55.6 to 90%. This suggests that the mite is prone to be infected by Wolbachia and furthermore Wolbachia can rapidly spread within T. truncatus populations because of the fact that infected individuals have reproductive advantage. Moreover, spider mites of T. Ros et al. 2012) . We observed almost no mitochondrial polymorphism among T. truncatus individuals infected with the same Wolbachia strain. All the aligned sequences contained only 11 segregating sites, representing 3 singleton sites and 8 informative sites. The maximum divergence observed between a pair of sequences is 1.49% (Table 1 ). The paucity of mitochondrial variation within Wolbachia infection types reßects a recent acquisition of Wolbachia and these bacterial that had selective sweeps to the associated mitochondria. Further support of a relatively recent acquisition of Wolbachia in T. truncatus comes from the presence of greater mitochondrial diversity among uninfected individuals than among infected individuals. As a Wolbachia sweep proceeds, the mitochondrial haplotype associated with the initial infection hitchhikes with the invasion and becomes linked to the invading strain (Smith et al. 2012) . As expected, the phylogeny of the mitochondrial haplotypes was in perfect agreement with the pattern of Wolbachia infection status, suggesting that the mitochondrial genetic structure of the mite may be strongly affected by the Wolbachia infection. The result of AMOVA further conÞrmed that genetic differentiation of mtDNA is related to the presence of different Wolbachia strains. A similar pattern, for example, has been observed in the bird nest blowßy Protocalliphora sialia Shannon and Dobroscky, 1924 (Baudry et al. 2003) , the mosquito Culex pipiens L. (Rasgon et al. 2006) , and the parasitic wasp Nasonia vitripennis Walker (Raychoudhury et al. 2010) . Furthermore, both uninfected and infected individuals existed in the same haplotype. Two possible scenarios can be used to explain these observations. In the Þrst scenario, presence of ancestral mitochondrial diversity among the uninfected subpopulation and conversion of infected haplotypes to uninfected haplotypes are because of incomplete transmission of the bacteria. Another scenario is that the Wolbachia infection is a recent invasion with an increasing prevalence.
In this study, Wolbachia strain wtru1 was associated with two different haplotypes, H1 and H3, which were differentiated by several mutational steps. Thus, wtru1 perhaps invaded T. truncatus on two separate occasions, while a single ancient Wolbachia infection and then host differentiation remain possible. Some similar results have also been reported in the spider mite T. urticae (Yu et al. 2011 ) and the Þre ant Solenopsis invicta Buren (Ahrens and Shoemaker 2005) .
It is interesting that there is a possibility that Wolbachia-induced CI can serve as a barrier to gene ßow, and therefore promote speciation (Serbus et al. 2008) . In another recent study, we found that Wolbachia cause CI in T. truncatus (Zhao et al. 2013 ). Thus, CI-driven population sweep of mitochondrial DNA is a candidate mechanism responsible for the phylogenetic pattern. Particularly, multiple strains of Wolbachia of the same population were detected; if these strains can induce bidirectional CI, its effect on host population genetic will be complex.
In summary, our Þndings clearly support that Wolbachia has effects on the evolutionary dynamics of mtDNA variation in organisms that harbor them, including reduced haplotype variation and altered levels of divergence among populations (Dean et al. 2003 , Hurst and Jiggins 2005 , Raychoudhury et al. 2010 , Yu et al. 2011 . Given these effects, consideration must not only be given to how demography, historical processes, and selection affect patterns of variation when using mtDNA as a marker for T. truncatus population genetic analyses, but the inßuence of cytoplasmic associates such as Wolbachia must also be taken into account.
